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On the other hand, we recently found that certain acyclic ionophores with dioxadicarboxylic diamides, which were developed for use in inorganic ion-selective electrodes, are also suitable for constructing organic ammonium ion-selective electrodes. 2 The present study extended the use of these acyclic ionophores to the development of a new electrode for phentermine. Phentermine is a stimulant, 3 the structure of which is similar to that of amphetamine. Figure 1 shows the structures of a series of phenylalkylamines, including phentermine and amphetamine tested in this study. The chemical structures of acyclic ionophores tested in the present study, along with that of dibenzo-18-crown-6, are shown in Fig.  2 . We used the conventional names of the ionophores given in the Fluka catalog. 4 Among several acyclic ionophores tested, lead ionophore I (N,N-dioctadecyl-N′,N′-dipropyl-3,6-dioxaoctanediamide) and barium ionophore I (N,N,N′,N′-tetracyclohexyl-oxybis(o-phenyleneoxy)diacetamide) were suitable for making phentermine-selective electrodes. Good results were obtained with lead ionophore I, and an electrode based on this ionophore with bis(2-ethylhexyl) sebacate as a solvent mediator in a poly(vinyl chloride) (PVC) matrix exhibited a near-Nernstian response to phentermine in the concentration range of 2 × 10 -6 to 1 × 10 -2 M with a slope of 54.8 mV per concentration decade in 0.1 M MgCl2. The lower limit of detection was 7 × 10 -7 M. The selectivity of the electrodes was much better than that of an electrode based on dibenzo-18-crown-6, which was previously used as an ionophore for an amphetamine-selective electrode. 5 We applied this electrode to determine phentermine in a cationic-exchange resin complex of this stimulant, which is the general dosage form in medical use.
Experimental

Reagents
The reagents were obtained from the following sources: lead ionophore I, barium ionophore I, sodium ionophore III (N,N,N′,N′-tetracyclohexyl-1,2-phenylenedioxydiacetamide), calcium ionophore II (N,N,N′,N′-tetracyclohexyl-3-oxapentanediamide), bis (2-ethylhexyl) Groups of dioxadicarboxylic diamides, which were developed as potential ionophores for inorganic cations, were found to act as ionophores for a stimulant, phentermine. Especially, N,N-dioctadecyl-N′,N′-dipropyl-3,6-dioxaoctanediamide, which was originally developed as a lead ionophore and is commercially available from Fluka as lead ionophore I, was suitable for making a phentermine-selective electrode. The electrode constructed using this ionophore and bis(2-ethylhexyl) sebacate as a solvent mediator in a poly(vinyl chloride) membrane matrix discriminated between phentermine and analogous compounds more effectively than an electrode based on dibenzo-18-crown-6, a representative ionophore for organic ammonium ions. Moreover, the present electrode showed remarkably little interference by inorganic cations, such as Na + and K + , as well as lipophilic quaternary ammonium ions including (C2H5)4N + and (C3H7)4N + . The electrode exhibited a near-Nernstian response to phentermine in the concentration range of 2 × 10 -6 to 1 × 10 -2 M with a slope of 54.8 mV per concentration decade in 0.1 M MgCl2. The lower limit of detection was 7 × 10 -7 M. This electrode was applied to determine phentermine in a cationic-exchange resin complex of this stimulant, which is the general dosage form in medical use. Dojindo Laboratories (Kumamoto, Japan); PVC (degree of polymerization, 1020) was from Nacalai Tesque (Kyoto, Japan); dioctyl phthalate and phentermine were from Tokyo Kasei (Tokyo, Japan); and phenethylamine hydrochloride was from Sigma (St. Louis, MO, USA). Amphetamine hemisulfate was prepared according to a procedure described in the literature. 6 All other chemicals used were of analytical reagent grade.
Electrode system
The phentermine-selective electrode was constructed using PVC-based membranes, as reported previously. 1, 2 PVC membranes had the following composition: 1 mg of ionophore, 60 µl (about 55 mg) of bis(2-ethylhexyl) sebacate and 30 mg of PVC. In some instances, KTpClPB was added to the sensor membrane. The materials were dissolved in tetrahydrofuran (about 1 ml) and poured into a flat Petri dish (28 mm diameter).
The solvent was then evaporated off at room temperature. The resulting membrane was excised and attached to a PVC tube (4 mm o.d., 3 mm i.d.) with tetrahydrofuran adhesive. PVC membranes containing other solvent mediators were similarly prepared using 1 mg of ionophore, 60 µl of solvent mediator and 30 mg of PVC. Each PVC tube was filled with an internal solution of 1 mM phentermine hydrochloride and 10 mM NaCl. The sensor membrane was conditioned overnight. The electrochemical cell arrangement was Ag,AgCl/internal solution/sensor membrane/sample solution/1 M NH4NO3 (salt bridge)/10 mM KCl/Ag,AgCl. Potential measurements were made with a voltmeter produced by a field-effect transistor operational amplifier (LF356; National Semiconductor, Sunnyvale, CA, USA; input resistance >10 12 Ω) connected to a recorder (LR4220E; Yokogawa, Tokyo, Japan). The volume of the sample solution was 1 ml, because our electrode system was compact, as described previously. 7 
Evaluation of the electrode performance
The detection limit was defined as the intersection of the extrapolated linear regions of the calibration graph. 8 The selectivity coefficients of the electrode, k i,j Pot , were determined by a separate solution method 8 using the respective chloride salts, except for amphetamine, for which we used hemisulfate salt. The concentrations were adjusted to 10 mM. The values were calculated from the equation
where Ei and Ej represent the e.m.f. readings measured for phentermine and the interfering ion, respectively; S is the theoretical slope of the electrode for phentermine (58.2 mV at 20˚C); ci and cj are the concentrations of phentermine and the interfering ion, respectively; and zj is the charge of the interfering ion. In some instances, a matched potential method 9 was also applied to evaluate the selectivity coefficients. In this case, we used a fixed concentration (1.0 × 10 -5 M) of phentermine as a background. The selectivity coefficients were calculated from the concentration of the interfering ion that induced the same amount of potential change as that induced by increasing the concentration of phentermine to 2.0 × 10 -5 M. This measurement was performed in the presence of 0.1 M MgCl2 to keep the ionic strength of the solution constant, and MgCl2 was chosen because interference by magnesium was very slight. All measurements were performed at room temperature (about 20˚C).
Preparation of phentermine resin
Phentermine resin, a cationic-exchange resin complex of phentermine, was prepared as follows. 10 About 0.2 g of a styrenic, strongly acidic cationic-exchange resin (Amberlite IR-112; Organo, Tokyo, Japan), which was regenerated by treating with 2 M HCl followed by drying, was put into a syringe (10 ml), from which the needle and plunger had been removed and the nozzle of which was stuffed with absorbent cotton. The resin was swollen by adding water, and phentermine hydrochloride (15 mg) dissolved in a small amount of water was gradually poured into the syringe. The outflow was again poured into the syringe. The resin was then washed with water and dried to make phentermine resin. The contents of phentermine in this resin were in the range of 0.1 to 1 mg mg -1 resin.
Determination of phentermine in phentermine resin
Five milligrams of phentermine resin were put into a syringe 746 ANALYTICAL SCIENCES JUNE 2001, VOL. 17 (1 ml), from which the needle and plunger had been removed and the nozzle of which was stuffed with cotton. The resin was treated with a methanol solution containing 3 M HCl (10 ml) to liberate phentermine completely. 10 After the solution was dried, a 2-ml volume of buffer solution consisting of 0.1 M CH3COOH/(CH3COO)2Mg (pH 5) was added and the concentration of phentermine was determined in comparison with the standard calibration graph of phentermine measured in this buffer. Between measurements, the electrode was soaked in distilled water and wiped. The electrode was stored in 1 mM phentermine hydrochloride containing 10 mM NaCl when not in use. All measurements were performed at room temperature (about 20˚C).
High-performance liquid chromatography
Phentermine concentrations in the resin samples were also determined by means of high-performance liquid chromatography. 10 Phentermine extracted from the resin was dissolved in 2 ml of a solution containing methanol and 28% ammonia water (93:7 v/v%) with caffeine as an internal standard. A 5-µl volume of the resulting solution was injected into a conventional high-performance liquid chromatography system (HP1100; Hewlett-Packard, Palo Alto, CA, USA) equipped with a photodiode array detector (G1315A). The wavelength was set at 220 nm. Separation was performed on a Zorbax BP-SIL column (15 cm × 4.6 mm i.d.; GL Science, Tokyo, Japan) using a mobile phase containing methanol and 28% ammonia water (93:7 v/v%) at a flow rate of 0.5 ml min -1 . Figure 3 shows the selectivity coefficients of the electrodes using the ionophores shown in Fig. 2 . These were determined by a separate solution method. 8 First, we used dibenzo-18-crown-6 (1; this number corresponds to that shown in Fig. 3 ), because this ionophore is well known to be suitable for constructing electrodes for primary organic ammonium ions, including amphetamine, through the interaction of regularly arranged oxygen atoms of crown ether with the NH3 + group of organic ammonium ions. 1, 5 We supposed that dibenzo-18-crown-6 would respond to phentermine more strongly than amphetamine, because phentermine has one more methyl substituent than amphetamine, increasing lipophilicity. However, this ionophore did not discriminate effectively between phentermine and analogous compounds (amphetamine and phenethylamine), and also the interference by lipophilic quaternary ammonium ions, such as (C3H7)4N + , and inorganic cations, such as K + , was large. It seemed likely that a steric hindrance arising from two bulky methyl substituents on the α carbon of phentermine weakened the interaction between the crown ether and the NH3 + group of phentermine, resulting in a low level of discrimination between phentermine and analogous compounds. We used triethylene glycol didodecyl ether (2), corresponding to the open structure of the crown ring; nevertheless, the recognition of phentermine became much weaker. We have recently found that certain acyclic neutral carriers with dioxadicarboxylic diamides, such as barium ionophore I and lead ionophore I, developed for making inorganic cation-selective electrodes, are suitable for constructing organic ammonium ion-selective electrodes, e.g. for hexylammonium. 2 Thus, we were interested in the use of these carriers and examined the selectivity to phentermine. Barium ionophore I (3) discriminated between phentermine and analogous compounds more effectively than dibenzo-18-crown-6. The selectivity sequence among the analogous compounds was in the order of phenethylamine < amphetamine < phentermine, which paralleled the lipophilicity of these amines. This indicated that barium ionophore I recognized all of the NH3 + groups of phenylalkylamines in the order of their lipophilicity.
Results and Discussion
Selectivity of the electrodes
This ionophore also largely suppressed interference by lipophilic quaternary ammonium ions and inorganic cations. We then examined the effects of sodium ionophore III (4), of which the number of ether oxygens was changed from three in barium ionophore I to two. This ionophore also showed a high discrimination ability toward phentermine; however, it showed significantly reduced selectivity against Na + . Lead ionophore I (5), of which the functional framework was rather similar to that of sodium ionophore III, considerably improved the selectivity against Na + . Calcium ionophore II (6), in which the number of ether 747 ANALYTICAL SCIENCES JUNE 2001, VOL. 17 Fig. 3 Comparison of the selectivity coefficients of electrodes based on dibenzo-18-crown-6 (1), triethylene glycol didodecyl ether (2), barium ionophore I (3), sodium ionophore III (4), lead ionophore I (5) and calcium ionophore II (6) . Bis(2-ethylhexyl) sebacate was used as the solvent mediator. Abbreviations used: PT, phentermine; AP, amphetamine; PA, phenethylamine.
oxygens was decreased to one, showed markedly reduced selectivity.
To cross-check the values of the selectivity coefficients, we measured the selectivity coefficients against phenethylamine and (C3H7)4N + for barium ionophore I and lead ionophore I using a matched potential method. The logarithmic values against the phenethylamine and (C3H7)4N + for barium ionophore I were -0.7 and -1.2, respectively, while those for lead ionophore I were -0.7 and -1.8, respectively. These values were similar to those obtained by a separate solution method shown in Fig. 3 . Such good selectivity demonstrated that barium ionophores I and lead ionophore I were suitable for making phentermine-selective electrodes.
Although the difference between two ionophores was small, we chose lead ionophore I for further study, because it showed less interference by lipophilic (C3H7)4N + and the lowest detection limit, as is described later.
We incorporated KTpClPB (20 and 50 mol% relative to the ionophore) in a sensor membrane containing lead ionophore I to examine whether an ionic additive would improve the electrode response, as had been observed in many other cases. 11 However, no significant improvement was observed in either case. In contrast, the selectivity coefficients against lipophilic (C3H7)4N + deteriorated noticeably upon increasing the amount of KTpClPB.
Sensitivity of the electrodes
Then, calibration graphs were obtained for the electrodes by measuring known amounts of phentermine hydrochloride added to 0.1 M MgCl2 and plotting the concentrations against the corresponding potential readings. A high concentration of MgCl2 was added to adjust the ionic strength of the solution, 2 and MgCl2 was chosen because the interference from magnesium was very slight (log k Pot PT,Mg 2+ < -5).
The measurements were performed in the concentration range of 1 × 10 -8 to 1 × 10 -2 M phentermine hydrochloride. The key response characteristics of the electrodes are summarized in Table 1 . Acyclic ionophores tested in this study gave nearNernstian responses to phentermine with similar detection limits; these results were significantly superior to those with dibenzo-18-crown-6. The slope within the linear range and the detection limit for the electrode using lead ionophore I, which showed the highest sensitivity, were 54.8 mV per concentration decade and 7 × 10 -7 M, respectively.
Effects of solvent mediators
We examined the effects of solvent mediators on the selectivity to phentermine using lead ionophore I as an ionophore. We tested dioctyl phthalate, o-nitrophenyl octyl ether and 2-fluoro-2′-nitrodiphenyl ether in addition to bis(2-ethylhexyl) sebacate. As shown in Fig. 4 , bis(2-ethylhexyl) sebacate showed the strongest response to phentermine. The interference by lipophilic organic ammonium ions, such as (C2H5)4N + and (C3H7)4N + , was markedly increased in solvent mediators with higher polarity, such as o-nitrophenyl octyl ether (dielectric constant ε = 24) 12 and 2-fluoro-2′-nitrodiphenyl ether (ε = 50), 12 relative to the low polarity mediators bis(2-ethylhexyl) sebacate (ε = 4) 12 and dioctyl phthalate (ε = 5). 12 Thus, low polarity environments provided more appropriate conditions for complexation of lead ionophore I with phentermine, effective for an enhanced response to phentermine.
Other response characteristics
The response time (90% of the final signal) of the electrode based on lead ionophore I in combination with bis(2-ethylhexyl) sebacate was below 10 s when the concentration of phentermine hydrochloride was changed from 10 to 100 µM. the electrode was studied by periodically measuring the calibration graph of phentermine hydrochloride in the presence of 0.1 M MgCl2. After the electrode had been repeatedly calibrated ten times over 1 month, the slope of the calibration graph and the detection limit did not change significantly. The pH dependence (pH 2 -12) of this electrode was also examined at 1 mM phentermine in a manner similar to that described previously. 13 The electrode response was independent of the pH over a pH range of 2 -9. At pH above 9, the potential decreased due to an increase in the concentration of unprotonated amine, as the pKa of phentermine has been reported to be 10.1.
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Determination of phentermine in phentermine resin
The excellent characteristics of the present electrode enhance its potential usefulness for pharmaceutical and biochemical analysis. This was demonstrated by the determination of phentermine in a phentermine resin, which is the general dosage form in medical use. 15 We prepared phentermine resins containing various concentrations of this drug (0.1 -1 mg mg -1 resin). Measurements were performed in a buffer solution comprising 0.1 M CH3COOH/(CH3COO)2Mg (pH 5), as described in the experimental section, to avoid any disordered electrode response from impurities inducing pH changes. Figure 5 shows the calibration graph of the electrode using lead ionophore I and bis(2-ethylhexyl) sebacate to phentermine in this buffer. The slope of the electrode was 55.7 mV per concentration decade and the limit of detection was 3 × 10 -7 M. A series of 15 successive determinations of a sample containing 0.1 mM phentermine hydrochloride was used to evaluate the precision of the measurement. The mean potential reading was -60.8 mV (0.9% relative standard deviation) with a range of -60 to -62 mV. We determined the phentermine concentrations in phentermine resins using the calibration graph shown in Fig.  5 and compared the results with those determined by highperformance liquid chromatography.
A linear regression analysis of phentermine concentrations (0.1 -1 mg mg -1 resin) measured by the phentermine electrode against values obtained by high-performance liquid chromatography showed a good correlation. The slope and the intercept of the line were 0.954 and 0.010, respectively (r = 0.995; n = 5).
As noted previously by many workers, the use of an ionselective electrode has inherent advantages over various other analytical methods because of the simple procedure involved and low cost. The present method provides a new method to determine phentermine in various pharmaceutical and biochemical samples.
